Field-grown orange (Citrus sinensis (L.) Osbeck) trees were subjected to all combinations of three levels of irrigation, three levels of fertilization, two levels of fungicidenematicide applications, and two levels of growth regulator treatments during [1985][1986][1987]. Densities of the citrus red mite, Panonychus citri (McGregor), and densities and fruit scarring caused by the citrus thrips, Scirtothrips citr.i (Moulton), were monitored in 1986 and 1987 to determine how variation in commercial orange grove management practices might alter the suitability of trees for use by both pest species. Fertilization was the only factor exerting a consistent, significant effect on thrips scarring and mite density. Citrus thrips scarring was highest on the most heavily fertilized trees, whereas mite densities were highest on the least fertilized trees. Although fertilization significantly altered concentrations of several individual amino acids, soluble protein, and total nitrogen content, variation in densities of neither arthropod was strongly related to variation in concentrations of any measured plant compounds. Differences in densities and scarring among treatments were low relative to conventional treatment thresholds, and variation in grove management practices, within practical limits, probably play only a minor role in promoting outbreaks of either of these two citrus pests.
Gregor), is an indirect pest of citrus in that it rarely feeds on fruit. This mite feeds on leaves and may reduce yield by reducing photosynthesis.
Tetranychid mite populations are known to be affected in complex ways by differential fertilization (Rodriguez 1958, Suski & Badowska 1975 , Jackson & Hunter 1983 , Wermelinger et al. 1985 . The effects of water stress on mite population growth are equally difficult to generalize, because increases as well as decreases in response to water stress have been reported (Specht 1965 , Chandler et al. 1979 , Hollingsworth & Berry 1982 , Mellors et al. 1984 , Youngman et al. 1988) .
Citrus thrips, Scirtothrips citri (Moulton), is a major pest of California citrus mainly because of cosmetic scarring of the fruit caused by feeding of second-and third-generation immature and adult thrips during the first 4-8 wk after petal fall (Rhodes et al. 1986 ). After overwintering in the egg stage within citrus leaves, citrus thrips feed on the tender spring foliage produced concurrently with the thrips' egg hatch in late March. As this foliage matures, the thrips move to and feed upon small developing fruits until the fruits are 2.5-5 cm in diameter (Elmer et al. 1973) . The timing and quantity of the spring foliage flush and its nutritional quality play an important role in the production of the first (spring) citrus thrips generation, which oo46-225x/89/0481-0488$02.00/0 ENVIRONMENTAL ENTOMOLOGY Vol. 18, no. 3 in turn influences the timing and severity of the economically important second and third generations (Grout et al. 1986, Rhodes & Morse in press ).
Here we report the direct and interacting effects of different levels of irrigation, fertilization, application of a plant growth regulator, and application of fungicide-nematicide treatments on the population growth of the citrus red mite and fruit injury by the citrus thrips over a 2-yr period. We also analyzed leaves to determine the concentration and distribution of nitrogenous plant compounds and related variation in arthropod densities to variation in these chemicals presumed to be nutritionally important to both arthropods. In particular, we hypothesized that treatments promoting lush vegetational growth (ample irrigation, ample soil nitrogen, growth regulators, suppression of root pathogens) would promote arthropod feeding and population growth, whereas treatments suppressing vegetative growth (e.g., water stress, low soil fertility) would reduce arthropod activity.
Materials and Methods
General Plot Layout. Experiments were done on 288 full-sized trees in a commercial grove of 'Washington navel' oranges (Citrus sinensis (L.) Osbeck) on rough lemon rootstock planted in 1947 near Woodlake, Calif. This plot is part of a project established in 1985 to evaluate the interaction of contemporary grove management practices in one large-scale field experiment in order to maximize growth and yield of citrus and profitability of citrus production. Included in the experimental design are three irrigation treatments, three fertilization treatments, two fungicide-nematicide treatments, and two growth regulator treatments, all arranged in a factorial design with four blocks of 72 trees and two trees per block assigned to each 3 x 3 x 2 x 2 treatment combination.
Trees were assigned to treatments on the basis of pretreatment yields and visual ranking of overall size and vigor, both made in February 1985 to minimize within-treatment variation. An acaricide treatment was begun in 1987 on half of the trees for experiments that will be described elsewhere.
Irrigation. Water application schedules were determined using evapotranspiration (ETo) measurements. The source of the ETn information was the California Irrigation Management Information System (CIMIS) Crop Water Use reports for the San Joaquin District provided by the California Department of Water Resources. The crop evapotranspiration coefficient (ETc) is equal to the product of the reference ET (ETJ multiplied by the citrus crop coefficient (K.) for a particular time during the season. These weekly determinations also gave a prediction of water demand permitting advance planning of adjustments for cultural operations, plot treatments, and data collection. Irrigation durations were standardized at 24 h, according to water district delivery policy. The interval between applications was a function of the (ET J determinations.
Irrigation treatments of 80% ETc (stressed), 100% ETc (normal), and 120% ETc (overwatered) were maintained during the irrigation season (April-October) each year starting in 1985. These irrigation treatments were chosen for their expected direct effects on plant physiology and yield (Marsh 1973) , and they have directly affected rates of leaf photosynthesis (Hare et al. 1989 ) and yield in this grove in previous seasons (C. W.c., unpublished data).
The irrigation system comprised low-volume nonrotating sprinklers (one sprinkler per tree) on 48 individual, pressure-regulated water lines, each line serving six adjacent trees within a row. Three buffer rows separated each irrigation treatment. The quantity of water delivered was varied among treatments by varying flow rates. During the period when mites and thrips were active, irrigations were applied at 5-7-d intervals; during highest ETc periods, irrigations occurred at 4-d intervals. External manifestations of water stress were rarely observed except in the 80% ETc treatment.
Fungicide-Nematicide Treatments. Half of the trees were designated to receive fungicide-nematicide treatments using pesticide injectors (Garabedian & Van Gundy 1985) . Oxamyl (Vydate L, 6.7 kg [AI]/ha, E.I. du Pont de Nemours & Co., Wilmington, Del.) was added to the irrigation water monthly from May through October each year starting in 1985 for nematode control. Metalayxl (Ridomil2E, CIBA-GEIGY, Greensboro, N.C.), was added to the irrigation water at the rate of 1.0 g/m2 of tree leaf canopy twice each year, once in June and again in September.
Nitrogen Fertilization. Following conventional practices, a sample of foliage was taken from each experimental tree in each September of [1984] [1985] [1986] and analyzed for total nitrogen (Embleton et al. 1978) . Levels of required fertilization were calculated on the basis of total leaf nitrogen (N), and fertilizer was applied the following spring. Trees were assigned randomly to one of three treatments (NI-N3) within each six-tree group in each fungicide-nematicide x irrigation treatment combination. All experimental trees were fertilized with a soil application of 112 kg/ha of ammonium nitrate ( Growth Regulator Treatments. One tree of each (irrigation x fungicide x nitrogen treatment) pair was designated to be treated with gibberellic acid (GAa) (Pro-Gibb 3.91%,15 mg [All/liter, 37.4 liters per tree, Abbott Laboratories, North Chicago, II!.). These treatments were made on 2 October 1985, and 14 October 1986, before fruit harvest and the subsequent season's leaf, flower, and fruit production. All 288 trees received a treatment of 2,4-D (Hivol-44, 16 mg [All/liter, 7,020 liters/ha, Leffingwell, Brea, Calif.) each year in late November to minimize abscission of mature fruit (Coggins & Hield 1968) .
Arthropod Monitoring. Thrips and mites were not monitored until 1986, or until after all trees had been exposed to a full season of differential treatments. Mite densities were monitored at 1-4-wk intervals, depending upon density, during both years, from 19 February through 18 June in 1986 and from 11 February through 17 June in 1987 using procedures described in Hare & Youngman (1987) . Monitoring was terminated when mite populations declined at the onset of high (>40°C) temperatures. Accumu]ated mite-days were calculated for each tree as the area under the mite density curve as described in Hare & Youngman (1987) .
Citrus thrips densities were monitored using a combination of foliage counts (in the spring before the formation of susceptible fruit and again during the summer after fruit were >2.5 cm in diameter) and fruit counts. In 1986, the number of thrips per 25 distal cm of foliage were monitored on each of four terminals per tree on 16 April, 25 June, 23 July, 18 August, and 19 September. On 28 April, 12 May, and 9 June, 10 fruit per tree were each examined for the presence or absence of citrus thrips. In 1987, foliage counts were taken as in 1986 except only two terminals were counted per tree on 16 April, 17 June, and 17 July. On 6 May, the number of thrips per fruit were recorded on each of 10 fruit per tree. In 1986 and 1987, the fruit scarring caused by citrus thrips was quantified by examining all fruit on the periphery of each data tree from knee to eye level (about 0.5-1.75 m above the ground) in mid-October. Scarring was rated on a 0-4 scale: 0, no scarring; 1 and 2, slight scarring; 3 and 4, severe, economically important scarring. Values presented are the un transformed mean (±SEM) percentage of fruit with any scarring (sum of ratings 1-4). Data were analyzed after arcsinesquare root transformation (Sokal & Rohlf 1981) .
C]orpyriphos (Lorsban 4E, Dow Chemica], Midland, Mich., 6.7 kg [AIl/ha) was applied to all trees to control California red scale, Aonidiella aurantii (Mask.) on 10-12 Ju]y 1986, after the mite and thrips populations on the fruit had declined. No other pesticides were applied to the plot during the experimental period.
Chemical Analyses. Leaf samples were taken on four dates in 1987 when mite and thrips also were censused (16 April, 6 May, 27 May, and 17 June) from the 72 trees subjected to all three irrigation treatments, all three fertilization treatments, both fungicide treatments, but not those treated with GAs or acaricide. One five-leaf terminal from each quadrant was removed from the tree, bagged, packed in ice, and immediately flown to the University of California at Riverside. Leaves from the four terminals were pooled, divided into three a]iquots, weighed, then frozen at -10°C, and stored for later analyses.
Soluble protein was quantified using methods described in Jones et al. (in press ). Values are reported as milligram ribulose diphosphate carboxylase equivalent protein per gram (fresh weight) of foliage. Free amino acids were extracted and quantified after forming o-phtha]aldehyde (OPA) derivatives using procedures described in Hare (1988) . Tota] nitrogen (percentage of dry weight) was analyzed using the micro-Kje]dah] technique (McKenzie & Wallace 1954) except that we replaced the mercuric oxide catalyst with copper and potassium sulfate and used bromocresol green and methyl red instead of methylene blue as the indicator.
Statistical Analyses. Experimental factors were incorporated into a split-plot factorial design. Variation among blocks and among irrigation treatments was tested over the block-by-irrigation treatment interaction.
Variation among fungicide treatments and the irrigation treatment-by-fungicide treatment interaction was tested over the blocks-by-(fungicide treatment within irrigation treatment) interaction. All other main effects and interactions were tested over the residual error mean square. Means were compared using Tukey's studentized range test (honestly significant difference) as implemented in the SAS ANOV A procedure (SAS Institute 1985, 118) .
Results and Discussion
Citrus Red Mite. Moderate to high mite populations (peak densities between six and eight females per leaf) occurred in the springs of both years and showed a typical pattern of increasing densities into mid-or late May, followed by a population decline following the onset of daily temperatures >40°C. In 1986, N3 trees accumulated significantly fewer mite-days than did Nl or N2 trees, and trees treated with gibberellin accumulated more mitedays than untreated trees ( Fig. 1 ; Tab]e 1). None of the other main effects significantly affected mite densities (Tab]e 1).
Mite densities were also generally highest on the least-fertilized trees in 1987 but in contrast with 1986, mite densities did not consistently differ due to the gibberellin treatment. Mite-days varied significantly among blocks in 1987 ( Fig. 1; Table 1 ), and mite populations were generally higher in Block 1, located in the northwest quadrant of the grove. Only the block-by-irrigation treatment interaction was statistically significant both years. Most other interaction terms were not statistically significant either year (Table 1) .
Citrus Thrips. In 1986, thrips scarring was higher on trees most heavily fertilized, treated with fungicide-nematicide, and treated with gibberellin ( Fig. 1; Table 1 ). Scarring also varied significantly due to some interaction terms involving these main effects, but, in general, most interactions were not statistically significant (Table 1) . Scarring was more severe in 1987 than in 1986 (Fig. 1) , and again, was generally higher on the more heavily fertilized trees. In contrast to the first year of the study, scarring did not differ significantly due to either fungicide or gibberellin application (Table 1) . Scarring also varied significantly among blocks in 1987, and was generally higher in Blocks 3 and 4, where mite densities were lowest (Fig. 1) . At present, we have no good explanation for these differences among blocks. As in 1986, most of the interaction terms were not statistically significant, and none that were significant in 1986 were also statistically significant in 1987 (Table 1) .
Foliar Nitrogen Analyses. For simplicity, only the data from the sampling period of 16 April will be presented in detail, because this sampling period most closely followed the completion of fertilization treatments. Not surprisingly, fertilization treatments had the most consistent effect on foliar nitrogen parameters (Table 2) , and leaves from the most fertilized trees had the highest concentrations of foliar nitrogen (Fig. 2) . Fertilization caused a transient increase in free amino acid concentrations and a more permanent elevation in soluble protein and total nitrogen concentration. For example, in the sample from 16 April, nine individual amino acids (arginine, asparagine, hydroxyproline, glutamine, glycine, methionine, proline, tyrosine, and valine), in addition to the concentration of total free amino acids and soluble protein, differed significantly among fertilization treatments (All F's > 3.42; df = 2, 36; all P's :$ 0.044). Three weeks later, on 6 May, only glycine, total free amino acid concentration, and soluble protein concentration differed among fertilization treatments, and by 17 June, only the concentrations of methionine and soluble protein continued to differ among fertilization treatments. Perhaps more surprisingly, neither mite nor thrips densities, nor mite-days or any measure of scarring, were strongly and consistently related to the concentration of any individual nitrogen parameter on any of the four sampling dates. Only the data from the sampling period of 16 April is presented (Table  3) . In general, different compounds were correlated with the different arthropod parameters, and in all cases, at least 78% of the variation in mite density or thrips scarring was not "explained" by concentration of nitrogenous plant compounds (Table  3) . Thus, we are reluctant to conclude that any single measured nitrogenous plant compound is responsible for the variation in either mite or thrips densities. Rather, we believe the arthropod responses were related more to overall changes in host plant physiology following fertilization.
Most previous studies on the effect of plant fertilization on mite population growth have used the twospotted spider mite, Tetranychus urticae Koch, and these studies have given conflicting results (Suski & Badowska 1975) . A common pattern is for mite egg production to increase with increasing fertilization up to an intermediate value and decline as fertilization levels are increased further (Rodriguez 1958 , Wermelinger et al. 1985 . Such results are difficult to interpret because experimental fertilization levels were not explicitly related to fertilization levels required by plants (but see Jackson & Hunter 1983). Relatively few other mite species have been studied, most notably Panonychus ulmi (Koch). Where direct comparisons can be made, T. urticae appears to be more sensitive to plant fertilization than P. ulmi (Rodriguez 1958) . Previously, Hare (1988) found P. citri to be largely unaffected by genetic differences and seasonal variation in soluble protein and free amino acid content between and within Citrus species and suggested that even the lowest levels of these forms of plant nitrogen were more than adequate to meet P. citri's nutritional needs. Our results are not inconsistent with those findings and suggest that conventional fertilization practices, as exemplified by diagnosing plant nitrogen needs on the basis of leaf nitrogen analysis, will not encourage P. citri population growth.
Substantially less is known about the effect of fertilization or other variation in plant nitrogen content on S. citri, but other thrips species are reported to preferentially feed on young, rapidly growing tissues that presumably have high concentrations of soluble nitogen (Ananthakrishnan & Muraleedharan 1974 , Ananthakrishnan 1984 . Although we did not find any strong relationships between thrips densities or scarring and any specific nitrogenous plant compound, we nonetheless conclude that S. citri is more limited by host plant physiological condition than P. citri.
The hypothesis that water stress may alter the susceptibility of plants for use by phytophagous insects has been investigated extensively in recent Vol. 18, no. 3 (Mattson & Haack 1987) . Previously, we investigated in detail the effect of differential irrigation on egg production and population growth of P. citri, in this and other plots (Hare et al., in press) and found no consistent effect. The lack of any consistent effect of differential irrigation on scarring by S. citri therefore is not unexpected. Because all trees were exposed to natural precipitation during the winter (November-March) rainy period, winter rains may have replenished the soil water reservoir and nullified the differences between treatments just prior to growth of mite and thrips populations on the fruit. Therefore, it is possible that the effects of differential irrigation would not be fully developed until well after the mite population and the fruit-feeding thrips generation had declined naturally. Similarly, because fungicide and nematicide applications did not begin until populations of both arthropods had passed their peak periods of economic activity, there is little reason to assume that either pesticide has any direct effect on either arthropod. This does not preclude indirect effects on populations the follow- The timing of gibberellin applications is critical in that applications made late in the fall may suppress flowering and increase vegetative growth the following spring, whereas applications made early in the fall may be too early to delay rind senescence. We initially hypothesized that, if anything, GA" applications might increase population growth and feeding activity of both arthropods by increasing the quantity of new foliage produced the following spring. In fact, we observed slight, though significant increases in scarring and mite populations on gibberellin-treated trees in 1986, but not in 1987. In the absence of consistent year-to-year effects, and in view of the low magnitude of the effect, we conclude that GA3 applications timed optimally to delay rind senescence are not likely to play a major role in the dynamics of either arthropod population the following spring. In conclusion, only fertilization exerted a consistent, statistically significant effect on densities of tl1P citrus red mite and feeding activity of citrus thrips. The two arthropod pests responded in an opposite manner to fertilization, however. The magnitude of the effects of nitrogen were small relative to current treatment thresholds, and no combination of the cultural manipulations examined here are likely to alter a grower's decision as to whether to apply a pesticide against either pest in a commercial grove. For example, although the conventional treatment threshold is two adult female citrus red mites per leaf (Pehrson et al. 1984 Five percent severe thrips scarring is considered to be the economic threshold ).
Scarring in the low fertilization treatment exceeded this by nearly eightfold in 1987. In 1986, scarring was near 5% in the low fertilization treatment and higher in the other two, but the value of reducing fertilization to minimize thrips scarring must be balanced against the direct, 8-15% yield reduction resulting from low fertilization (C.W.c., unpublished data). Because of the small effects relative to conventional treatment thresholds, the opposite responses of mites and thrips to fertilization, and the large variation in mite densities and thrips scarring between years, suppression of either citrus red mite or citrus thrips populations to economically innocuous levels by altering conventional grove management practices is not likely to be feasible. On the other hand, our data suggest that variation in grove management practices, within the limits explored here, are not expected to have a major role in promoting outbreaks of either citrus red mite or citrus thrips populations. Growers' decisions to use any of these cultural practices can be made simply on the basis of their expected results on tree yield and fruit quality.
